2 iodine-labeled a-bungarotoxin (a-BGT-' 2 5 I) and quantitative radioautography, we have studied the time-course of the change in acetylcholine (ACh) receptor distribution and density occurring in rat diaphragm after denervation. In innervated fibers, ACh receptors are localized at the neuromuscular junction and the extrajunctional receptor density is less than five receptors per square micrometer. The extrajunctional receptor density begins to increase between 2 and 3 days after denervation and increases approximately linearly to 1695 receptors/pm 2 at 14 days, subsequently decreasing to 529 receptors/,um 2 at 45 days. We have isolated plasma membranes from rat leg muscles at various times after denervation and find that the change in concentration of ACh receptors in the membranes measured by a-BGT-' 2 5 I binding and scintillation counting follows a time-course similar to the change in ACh receptor density measured radioautographically. Furthermore, we have correlated extrajunctional ACh receptor density measured by radioautography with extrajunctional ACh sensitivity measured by iontophoretic application of ACh and intracellular recording and find that the log of ACh receptor density is related to 0.53 times the log of ACh sensitivity. These results are discussed in terms of the electrophysiological experiments on the ACh receptor and the recent, more biochemical approaches to the study of ACh receptor control and function.
INTRODUCTION
The acetylcholine (ACh) receptor in vertebrate skeletal muscle is one of the more extensively studied drug receptors, it is the transducer of a chemical signal at a "model" synapse (the neuromuscular junction), and it is one of a very few functional components of the surface membrane of eukaryotic cells which can be identified unambiguously. For these reasons, the ACh receptor 248 THE JOURNAL OF GENERAL PHYSIOLOGY VOLUME 60, 972 pages 248-262 is a prime object of study by pharmacologists, physiologists, and other cell biologists.
Until recently a major obstacle to the study of ACh receptors was the lack of any means of identifying and quantifying receptors other than measuring responses of living cells to ACh or its analogues. Now several snake toxins are known which bind extremely tightly to ACh receptors (1) (2) (3) . One of these, a-bungarotoxin (a-BGT), is being widely used as a tag for the ACh receptor. a-BGT, a polypeptide isolated from the venom of the snake Bungarus multicinctus, is believed to bind to the ACh receptor for the following reasons. a-BGT totally and irreversibly blocks the depolarizing effects of ACh on muscle (1, 5) . ACh, ACh analogues, and ACh antagonists compete with a-BGT in the binding reaction (1, 4, 5) . a-BGT binds specifically to ACh-sensitive cells (6) and only to the ACh-sensitive regions of these cells (7) .
The ACh receptor is especially intriguing to cell biologists because the spatial distribution of ACh sensitivity in muscle fiber surface membranes is greatly modified by innervation. Furthermore, this "neurotrophic" influence is reversible. Prior to innervation, the whole surface of each muscle fiber is ACh sensitive (8) (9) (10) (11) . In the innervated adult muscle fiber, the ACh sensitivity is almost entirely localized in a small region of specialized membrane at the neuromuscular junction, the end plate (12, 13) . Following denervation, ACh sensitivity reappears in the extrajunctional membrane (14, 15) .
We have used a-BGT labeled with ' 25 iodine (-BGT-125I) and radioautographic techniques to study the time-course of appearance of ACh receptors following denervation of rat diaphragm muscle. We have isolated plasma membranes from normal and denervated muscles and measured the concentration of ACh receptors in these membranes. We have also correlated the density of ACh receptors in the extrajunctional membranes of denervated muscle fibers with the ACh sensitivity of these fibers measured by electrophysiological techniques. These data provide a bridge between the electrophysiological findings of the past two decades and a more molecular appraisal of receptor function and control. In this regard, just as the neuromuscular junction exemplifies a chemical synapse, the control mechanisms governing the ACh receptor distribution hopefully exemplify the more subtle aspects of interactions generally occurring between communicating, excitable cells.
METHODS

Isolation and lodination of a-Bungarotoxin
a-Bungarotoxin was isolated from the venom of Bungarus multicinctus, obtained from the Miami Serpentarium, and was purified as previously described (16, 17 et al. (18) in that there is no tryptophan (by our methods it is destroyed in the acid hydrolysis) and one extra residue of proline. On this basis we believe that our a-BGT is pure. The a-BGT was iodinated by the chloramine-T method (19) in a 200 l reaction mixture containing 10 -4 M a-BGT, 3 X 10 -4 M chloramine-T, 10 -4 M K27I, 2-3 mCi K' 2 5 I, and 0.02 M tris(hydroxymethyl)aminomethane (Tris), pH 8.6. The cr-BGT-' 25 I was purified and its specific activity determined as previously published (17) . The specific activity ranged between 2 and 8 X 104 Ci/M for different experiments.
Binding of a-BGT-1 2 5 1 to Muscle
Left hemidiaphragms of control rats or rats denervated for 2-45 days were pinned to stainless-steel grids and the end-plate region of a layer of deep muscle fibers was exposed by dissecting along the phrenic nerve as it courses through the muscle. The pinned diaphragms were incubated for 2 hr at 37 0 C in modified Ham's F12 culture medium (20) buffered with N-2-hydroxyethylpiperazine-N'-2-ethane sulfonic acid (HEPES) (21) and containing 1 g a-BGT-' 2 5 I/ml. The diaphragms were transferred to fresh medium lacking a-BGT, washed with 12 changes of medium for 5 min each, and fixed in 2 % glutaraldehyde in 0.1 M cacodylate buffer, pH 7.5. Lengths of single fibers were dissected out and mounted on slides which were then dipped in Kodak NTB-2 emulsion (Eastman Kodak Co., Rochester, N.Y.). After a 1-14 day exposure, the slides were developed for 2.5 min in Kodak D-19 developer at 20 0 C, fixed, and examined. In calculations of receptor density, we assumed the efficiency of grain production by the 25I to be about 0.5 grain/disintegration as determined by Ada et al. (22) .
Membrane Isolation
The muscles of the lower leg innervated by the sciatic nerve were dissected from female Sprague-Dawley rats killed by decapitation. Crude sarcolemmal tubules were prepared by a modification of the method of Peter (23) . These tubules were then incubated 1 hr at 37C in 20 mM Tris, pH 7.4, containing 0.1 mM CaC1 2 and 0.1 mg/ml (250 units/mg) of chromatographically purified collagenase (Worthington Biochemical Corp., Freehold, N.J.). The incubation mixture was lightly homogenized in a loose-fitting Potter-Elvehjem homogenizer and centrifuged at 3000 gmax for 10 min to remove the basement membrane, capillaries, and nerves. The supernatant was then centrifuged at 37,000 gmax for 30 min to give a small pellet of membranes which was resuspended in buffer at a protein concentration of about 2 mg/ml. The final yield of membranes was usually about 600 ug of membrane protein per 30 g of normal muscle.
Membranes were prepared from denervated muscle in the same manner. Denervations were performed on rats anesthetized with chloral hydrate by removing a 2-3 mm section of the sciatic nerve medial to the common peroneal branch.
The Na-K adenosine triphosphatase (ATPase) (E.C. 3.6.1.4) activity of the membrane fractions was determined by measuring the stimulation of MgATPase by sodium and potassium in a radiochemical assay. The MgATPase reaction mixture and 105-106 cpm [-32 P]ATP. The Mg-Na-K ATPase reaction contained, in addition, 114 mM NaCI and 22 mM KCI. The 32P i hydrolyzed from ATP was measured by scintillation counting after reaction with ammonium molybdate and extraction of the phosphomolybdate complex into isobutanol (24) .
Binding of ce-BGT-125
1 to Isolated Membranes a-BGT- 2 5 1 was added to 50-100 l of membrane suspension (100 Ag membrane protein) in 0.1 M phosphate buffer, pH 7.4. The final concentration of a-BGT-l 2 5 l was 0.5 ,g/ml. The mixture was then incubated at 37 0 C for 30 min and centrifuged at 37,000 gm,, for 30 min. The supernate was discarded, the pellet was resuspended in 200 1Al of phosphate buffer, and centrifuged for 30 min at 37,000 gmax. The pellet was washed in the same manner at least four times, until the supernates contained no radioactivity. 10-,ul samples of the final suspension were counted in 10 ml of scintillation fluid (Packard Instagel Emulsifier, Packard Instrument Co., Inc., Downers Grove, Ill.) or used for Lowry (25) protein determinations.
Electrophysiology
The ACh sensitivity of cells was measured by iontophoretic application of ACh (12, 26) and intracellular recording of the depolarization produced. The amount of ACh applied to the fiber is directly related to the amount of iontophoretic charge used to eject the ACh from the micropipette onto the muscle (27) . Therefore, ACh sensitivity is expressed in terms of the millivolts depolarization produced per nanocoulomb of iontophoretic charge (mv/ncoul). ACh pipettes contained 3 M acetylcholine chloride solution and had resistances of 30-80 M12. Iontophoretic current pulses of 5 X 10-9 to 3 X 10-8 amp and durations of 1-20 msec were employed in measurement of sensitivities of fibers denervated for 3 days or longer. Latency between onset of iontophoretic pulse and beginning of depolarization was less than 5 msec. Separation of ACh and recording micropipettes was less than 200 ,im. Generally the use of lower resistance electrodes together with a source of biasing current to prevent leakage of ACh from the pipette tip resulted in lower values of sensitivity than when higher resistance electrodes (often requiring no biasing current) were selected.
RESULTS
Binding of a-BGT-2 5 1 to Isolated Membranes
The membrane fraction used in the binding studies is primarily composed of 0.2-2.0-gLm diameter vesicles but is contaminated with small filaments and some amorphous material, as shown by electron microscopy (see reference 11 for methods). The Na-K ATPase specific activities of the membranes isolated from muscles at different times after denervation are quite similar, the mean (+ standard error) of all preparations (n = 12) being 0.32 0.02 4M Pi released from ATP/mg protein per min. Thus, assuming that Na-K ATPase is a plasma membrane marker, there seems to be a rather constant contribution of plasma membrane to our membrane fraction throughout the course of denervation atrophy. Thus, we can attribute any changes occurring in the a-BGT binding of the membranes to a change in the number of receptors present in the plasma membrane rather than to a change in the proportion of plasma membrane in the preparation.
The binding of a-BGT-125I to membranes isolated from control and denervated muscle is shown in Table I . The binding of a-BGT- 1 25 I to control membranes may be partly due to the presence of end-plate-derived membranes in the preparation and partly to "nonspecific" binding. 
Membranes were isolated from control and denervated leg muscles and incubated with a-BGT-125I as described in Methods. The number of a-BGT-' 2 5 I binding sites was determined by scintillation counting of about 20-50 tsg of membrane protein.
With the specific activity of ao-BGT-1tSI used, 1 cpm is about 7.5 X 106 BGT molecules. To determine the amount of nonspecific binding to control membranes, end-plate-deficient and end-plate-rich membranes were prepared from control rat diaphragm which had been dissected into segments containing end plates and those lacking end plates. The segments containing end plates comprised 80% of the total wet weight of the whole muscle, those lacking end plates 20%. * The numbers in parentheses refer to the number of determinations. Not more than three determinations were made on a single membrane preparation. tDays denervated.
diaphragms which had been dissected into end-plate-rich and end-platedeficient segments ( Table I) and found that the level of binding of a-BGT-after denervation and therefore supports the view that these binding sites are primarily in the membrane.
ACh Receptor Density in Adult Muscle
A radioautograph illustrating the distribution of ACh receptors in a control fiber is shown in Fig. I A (compared to a 10 day denervated fiber, Fig. I B) . In control fibers, the density of extrajunctional receptors in a region more than 1 mm away from the end plate is less than 5 receptors/,um 2 , which is the level of detection in these experiments (Table II) . However, in an area 150-250 jum away from the end plate the ACh receptor density is slightly higher (about 7 receptors/jam 2 , with the maximum we have observed being 20/,um2) . Since the density of receptors in the end plate is about 10 4 /jam2 (17), the receptor density falls by a factor of 103 within 150 jum of the junction.
As shown in Table II , 2 days after denervation of the muscle, the extrajunctional receptor density 1 mm away from the end plate does not increase measurably, but between 2 and 3 days after denervation, the receptor density increases to about 225 receptors/Mm 2 and by 14 days has increased to a value more than 300 times the control level. This increase in the extrajunctional receptor density requires explanation since the total number of receptors measured by membrane binding increases only about 19-fold. However, since the isolated, control membranes contain ACh receptors from the end plate, the increase in the number of receptors after denervation will be comparatively less than in extrajunctional membranes alone, which, in control fibers, have very few ACh receptors.
We have correlated these changes in receptor density with the corresponding changes in ACh sensitivity occurring after denervation (Table II) as shown in Fig. 2 . The correlation between ACh sensitivity and receptor density has a much steeper slope above 40 mv/ncoul than below. The depression of the curve at low sensitivities could possibly be due to the nonlinearity in the relationship between dose of ACh and the resultant response (see Discussion). The data from Fig. 2 , as replotted on logarithmic coordinates in Fig. 3 , give a straight line with a negative slope of 0.53. Although not shown on this graph, when the line is extrapolated to low ACh sensitivities, an ACh sensitivity of 0.01 mv/ncoul corresponds to 22 receptors/,um 2 . At short times after denervation, fibers are rather heterogeneous with respect to their extrajunctional receptor density. Fig. 1 C is a radioautograph of two fibers 3 days after denervation, shortly after the extrajunctional receptors have begun to appear. As we consistently observe, the small fiber, presumably a slow twitch fiber (30), has more grains over it than the large fiber which is presumably a fast twitch fiber (30) . This is consistent with Albuquerque and McIsaac's (31) observation that the soleus, a slow twitch muscle, develops high levels of ACh sensitivity sooner after denervation than does the extensor digitorum longus, a fast twitch muscle. Apparently, even in a mixed muscle such as the diaphragm, slow fibers accumulate ACh receptors faster after denervation than fast fibers. After denervation the number of receptors in the end plate does not appear to decrease markedly. This is shown in the radioautograph of a 10 day denervated fiber (Fig. 1 B) , even though the end plate is out of the plane of focus in this photograph. (Also note the extrajunctional receptors in this fiber.) The number of receptors in the end plate of 7-14-day denervate fibers is about 1 X 107 as computed from grain counts. However, due to self-absorption of radioactivity in whole mounts and high grain density over the end plates the number of receptors was surely underestimated. Table II were correlated and plotted logarithmically.
DISCUSSION
The ACh receptor is an excellent starting point for studying the interactions between nerve and muscle cells not only because the receptor plays such a large role in the generation of the end-plate potential but also because the density and spatial distribution of ACh receptors is controlled by neurotrophic influences. The recent direct studies utilizing a-BGT have expanded our understanding of the ACh receptor substantially and, as discussed below, have been valuable in (a) determining the basis of denervation supersensitivity, (b) identifying the basis of the decrease in ACh sensitivity 45 days after denervation, (c) quantifying the density and distribution of ACh receptors in innervated muscle, and (d) clarifying the difference between the junctional and extrajunctional ACh sensitivity. Furthermore, we can now evaluate the iontophoretic technique of measuring ACh sensitivities in molecular terms, and thus facilitate comparisons between electrophysiological and more biochemical studies.
Theories of Denervation Supersensitivity
Several theories have been proposed to explain the development of denervation supersensitivity. The appearance of extrajunctional receptors has been attributed to (a) a redistribution of preexistent receptors, (b) an activation of latent receptors, or (c) synthesis of new receptors.
The redistribution theory has generally been stated in terms of the spread of receptors from the end plate into the extrajunctional regions. This version of the theory has been ruled out by experiments of Katz and Miledi (32) showing that ACh sensitivity develops in cut segments of muscle lacking end plates and by our results and those of Miledi and Potter (29) and of Berg et al. (33) that there is a large increase in the total number of receptors in the membrane 14 days after denervation. However, no evidence has ruled out the possibility that some redistribution does occur. Electrophysiological analysis (28, 31) of the development of denervation supersensitivity has shown that sensitivity does not spread centrifugally from the end-plate region, but this is not conclusive evidence against redistribution. Our estimate that the number of receptors at the end plate does not change significantly after denervation indicates that very little, if any, redistribution does occur.
Several lines of evidence have been taken as support for the synthetic theory. Fambrough (28) and also Gramp et al. (34) have demonstrated that protein and RNA synthesis are required for denervation supersensitivity to develop. Although supporting the synthetic theory, this result does not formally distinguish between synthesis of the receptor and synthesis of a protein required for receptor activation. In order to distinguish between these possibilities, we intend to measure the incorporation of leucine-3 H into the a-BGT binding receptor after denervation. In this regard, Lunt and coworkers (35) have measured the incorporation of leucine-3 H into a proteolipid fraction of muscle which they believe is the ACh receptor because it binds ACh, methylhexamethonium, and other cholinergic drugs. They find that after denervation the rate of incorporation of leucine-3 H into the proteolipid increases. However, these results are difficult to interpret since no data are presented on the purity or homogeneity of the proteolipid or on the ability of the proteolipid to bind a-BGT.
Decrease in ACh Sensitivity 45 Days after Denervation
Albuquerque and McIsaac (31) have observed that between 14 and 45 days after denervation, the ACh sensitivity of the soleus and extensor digitorum longus decreases to a level comparable to that of the 5 day denervated muscle. They suggest that this decrease may have been due to hypertrophy of connective tissue at long times after denervation, causing a difficulty in positioning the ACh pipette for measuring sensitivities. In this regard, experiments of Miledi and Potter (29) show that the total number of receptors decreases between 14 and 45 days postdenervation. However, these experiments have not been able to determine whether this decrease was the result of an actual decrease in the number of receptors per unit area or of atrophy of the muscle and a decrease in surface area. Our radioautographic results show that this decrease is in part attributable to a selective loss of ACh receptors from the membrane and a decrease in ACh receptor density.
Density and Distribution of ACh Receptors in Innervated Muscle
Miledi and Zelena (36) have shown that soleus, a slow muscle, has a low level of ACh sensitivity (between 0.01 and 0.001 mv/ncoul) along the whole fiber, whereas the extensor digitorum longus, a fast muscle, has no detectable extrajunctional sensitivity. This observation was interpreted (36) as evidence that different nerves have different levels of neurotrophic influence. Since rat diaphragm is a mixed muscle containing 60% slow fibers (30) , assuming that our sampling of fibers is random, our results (Table II) show that both fast and slow fibers have extrajunctional receptor densities less than our level of detection (5 receptors/um2). Since the density of receptors in the end plate is 1.3 X 10 4 /Aum 2 (17) nerves innervating both fast and slow fibers are effective in maintaining at least a 1: 2500 concentration gradient of receptors between the end plate and extrajunctional regions in the fiber.
Miledi (13) has suggested that even fast muscle has some extrajunctional receptors in a small region outside the end plate. Within an average of 520 #Am of the rat diaphragm end plate, Miledi was able to record ACh responses which were about 1000 times smaller than the responses at the end plate. These responses appear to originate from extrajunctional receptors, since the delay between the ACh pulse and the response was shorter than would have been expected if diffusion of ACh into the junction were producing the response. The results in Table I show that the ACh receptor density in the area 150-250 A away from the end plate is higher than in areas about 1 mm away. The low levels of ACh sensitivity (0.1 mv/ncoul) which occur outside the end plate in these fibers is probably fully accountable in terms of the number of receptors present in this region. In addition, it appears that very few receptors are required to produce a measurable response to ACh.
Evaluation of Iontophoretic Technique
ACh sensitivity has been measured iontophoretically in terms of the response of the muscle (in millivolts depolarization) produced per dose of ACh (in nanocoulombs of iontophoretic charge used to eject the ACh from a micropipette onto the muscle surface).
As shown in Fig. 2 , the relationship between ACh sensitivity and receptor density is nearly linear at high sensitivities but at low values the curve has a rapidly changing slope. A curve with this shape would be expected if receptors were acting cooperatively (37) at high receptor densities. However, this shape curve may be accounted for on the basis of the nature of diffusion of ACh from a point source to a plane surface covered uniformly with receptors, without recourse to the notion of large-scale cooperativity. This can be illustrated as follows. Since the slope of the line in Fig. 3 is -0 .53, the relationship between ACh sensitivity (S) and ACh receptor density (a) can be described by the relation log a = -0.53 log (l/S) + k,
where k is a constant. ACh sensitivity is defined as S -Vr/Q, where VT is the maximum amplitude of the ACh response and Q is the dose of ACh applied. Thus, equation 1 can be rearranged to
since ACh sensitivities are usually measured by recording the amount of ACh (Q) required to produce a constant response (VT). A nonlinear dose-response curve for ACh in which VT has been shown experimentally to be related to Q 2 2 has been described by Feltz and Mallart (38) . However, in an appendix to this same paper Kahn and Le Yaouanc (38) derive a theoretical relationship for the maximum response (VT) of a muscle fiber with uniform receptor density (a) to a dose of ACh (Q) diffusing from a small spherical source:
In this relationship, (X)/Xo213 is a constant and, therefore, equation 3 is very similar to our equation 2 except that the exponent on Q differs slightly. The discrepancy which exists between the experimental results of Feltz and Mallart and the theoretical predictions of Kahn and Le Yaouanc are not explained, but it is very interesting that our empirical relationship is so similar to the theoretical prediction, despite the simplifications and assumptions used in the theoretical treatment. We believe that the general shape of the curve in Fig. 2 can be accounted for by considerations such as those discussed in the appendix to reference 38.
Differences Between Junctional and Extrajunctional Sensitivity
It is interesting that the receptor density at neuromuscular junctions, which we have estimated to be 1.3 X 104 receptors/,um 2 (17) (a similar value for mouse end plates was recently published by Barnard et al. [41] ), is much higher than the highest receptor density we have observed in extrajunctional membranes of denervated muscle having ACh sensitivities comparable to that of the end plate (several hundred millivolts per nanocoulomb). This difference could be the result of underestimation of the ACh sensitivity of the end plate. Since the synaptic gutters are rather deep, ACh released from a micropipette several microns away from the cell surface may not diffuse into the synaptic gutters as freely as it diffuses along the relatively flat extrajunctional surface, thus activating fewer receptors. Also, the high concentrations of acetylcholinesterase in the junction would be expected to decrease the effective amount of ACh reaching the receptors. However, ignoring considerations of geometry and cholinesterase, the difference in receptor densities at the end plate and in 14-day denervated extrajunctional membranes having similar ACh sensitivities raises the question whether the extrajunctional receptors may be "more sensitive" per receptor than the end-plate receptors. Stated in other terms, is the fraction of ACh receptors occupied by ACh molecules required to produce a given response the same in extrajunctional and junctional sites? It is quite conceivable, for example, that the elementary event produced by interaction of an ACh molecule with an extrajunctional receptor may have a longer time-course than that with end-plate receptors, thus enhancing the summation. Some evidence that junctional and extrajunctional receptors may be different does exist. The ACh reversal potential (39) and sensitivity to tubocurarine (29, 33, 40) are different for junctional and extrajunctional sites. Now that receptor isolation is feasible (29, 33) a comparison between end-plate and extrajunctional receptors undoubtedly will be made soon on a molecular basis.
